The transfer characteristics of a nanocrystalline diamond (NCD)-based solution-gated field effect transistor (SGFET) under the influence of inorganic and organic compounds were studied. Studied compounds included three different buffer solutions (Phosphate, HEPES, McIlvaine buffer) and commonly used culture media (fibronectin, albumin and fetal bovine serum). It was found that buffers with the same pH of 7.4 caused different voltage shifts in transfer characteristics. This effect was reversible which indicates the surface stability of the hydrogen-terminated diamond during repeated measurements. In contrast to this observation, the SGFET sensitivity decreased after applying the culture solutions which we attribute to the permanently adsorbed bio-layer formed on the SGFET channel sensing area.
Introduction
Development of cell sensitive biosensors is a relatively young science discipline. Its evolution in recent years is closely tied to the development of technology, especially the integration and miniaturisation of electronic components. Sensors of cell cultures and tissues place considerable emphasis on chemical inertness, surface morphology and non-invasiveness of the sensing material, all of which are included in the term of biocompatibility. Apart from a large family of such materials, diamond is recognized as an outstanding material regarding long-term biocompatibility.
In past few years, a new generation of carbon-based bio-electronic devices based on p-type surface conductive thin films was developed. For example, solution-gated field effect transistors (SGFETs) based on carbon nanotubes for direct detection of Heroin metabolites were developed [1] ; or graphene coatings were widely studied for pH [2] , DNA or glucose sensing applications [3] . Last but not least carbon material, a diamond film opened new perspectives in the field of tissue engineering, prosthetics and microbiology. Hydrogen-terminated diamond exhibits induced surface conductivity, which is highly sensitive to changes in the surrounding environment due to surface transfer doping mechanism [4] . Multiple studies of diamond SGFETs have carried out regarding their pH or ion sensitivity [5] and ongoing effect at the protein-diamond interface [6] . Amongst other electrical properties, gate currents and cell interface properties were discussed [7] . In the present study, we discuss the influence of several buffers and culture solutions on electrical characteristics of the diamond SGFETs. Such measurements are essential for the complex studies of mammalian cell culture apoptosis, whereas unclear sensor responses may occur during the cell necrosis.
Materials and Methods
The active sensor area of SGFETs was realised by hydrogen-terminated nanocrystalline diamond (NCD) thin film which exhibits subsurface p-type conductive channel. NCD films were grown in a microwave ellipsoidal cavity reactor by chemical vapor deposition process for 4.5 h, at following process conditions: pressure 30 mbar, gas mixture 1% CH4 in H2, microwave power 1500 W, deposition temperature 550 °C. Diamond films were further processed for 10 min in the same reactor in hydrogen plasma to induce p-type surface conductivity.
Electrical measurements were performed using Ag/AgCl gate electrode setup described in [8] . The SGFET sensing area was flooded by buffer or culture solution (15 μL droplet) in a specific sequence (see Figure 1b x-axes "Measurement order") and gated with Ag/AgCl gate electrode. Three different buffers (Phosphate (PBS), HEPES and McIlvaine buffer) with the same pH value of 7.4 and three culture media (fibronectin (FN), albumin (BSA) and fetal bovine serum (FBS)) were measured. Before each I-V measurement, the sensing area was rinsed with deionized water (DIW) and dried under nitrogen flow. The layout of the diamond-based SGFET sensor is similar to sensors used in [7] . 
Results and Discussion
The transfer characteristics of diamond SGFET as a function of different buffer solutions and measurements order are shown in Figure 1a . For better illustration and interpretation of dependencies, the gate voltages at constant current (in our case IDS = 0.75 nA, see the dotted line in Figure 1a are plotted in columnar graphs (Figure 1b) ). It should be noted that the gate voltage shifts refer to the voltage measured for deionized water (DIW ref).
As it is shown in Figure 1b , PBS buffer caused a positive gate voltage shift of +59 mV referred to DIW. On the other hand, HEPES and McIlvaine buffers caused the voltage shifts of −52 mV and −49 mV (referred to PBS), respectively. The modulation of SGFET characteristics with buffers can be caused either by so-called electric field effect [9] or by the change of counter ions concentration at the channel surface [10] . In our case, the origin of gate voltage shifts we attribute to the variation of the counter ions at the channel surface, i.e., to the decrease of counter ions concentration, thus to the closing of the p-type channel. We attributed this effect to the presence of disodium phosphate ions. Compared to PBS, HEPES and McIlvaine buffers contain larger molecules, which possibly increase the counter ions concentration in the close vicinity of the channel, resulting in the negative shifts.
Another advantage of the presented diamond-based SGFET is its stability. Repetitive use of SGFETs, its rinsing in DIW and exposing to a specific buffer, did not degrade its functionality. As shown in Figure 1b , the voltage shift (∆VG) between PBS and HEPES (or McIlvaine) buffer is nearly constant; only the ∆VG referred to DIW decreases (see decreasing two parallel dotted lines). This dependence indicates that the H-terminated diamond surface is stable enough, i.e., does not chemically degrade by oxidation, etc. It should be noted that similar transfer characteristics were also measured for different culture media (not shown here). In this case, positive voltage shifts of +17 mV and +13 mV were obtained for BSA and FN. However, after repeated applications of BSA, the shift decreased to +8 mV, while for FN the voltage shifts further increased to +18 mV. Although, the clear tendency was not observed. It is well known that FN adheres on a hydrophobic surface and deposits a non-washable bio-layer [6] . We assume that such bio-layer formed on the surface will reveal an additional increase of the gate currents. Our measurements confirmed a memory effect of the SGFET [11] . Moreover, FBS irreversibly changed the diamond/solution interface. Exposing diamond SGFETs to culture solutions seems to be a more complex issue.
Conclusions
Preliminary results confirmed that optically transparent and biocompatible diamond-based SGFET is a promising platform for real-time monitoring of cell cultures. Varied and repeated measurements with different buffer solutions showed high reversibility. The gate voltage shift between different buffers (in this case PBS and HEPES or McIlvaine) was constant (~50 mV), only the relative value of the voltage (referred to the voltage measured at first application of sensor) tended to decrease. This effect is related to the surface stability of the hydrogen-terminated diamond during repeated measurements. In the case of culture media, the sensor response was most probably disrupted by the adsorbed bio-layer. Further experiments are in progress to deeper understand the SGFETs reproducibility and repeatability on culture media.
